Investments in agroforestry research during the past three decades-albeit modest-have yielded signifi cant gains in understanding the role of trees on farmlands, and the ecological and economic advantages of integrated farming systems. While early research focused mostly on farm or local levels, broader-level ecosystem services of agroforestry systems (AFS) have raised high expectations in recent years. Th e nine papers included in this special collection deal with three of such environmental benefi ts of AFS: water-quality enhancement, carbon sequestration, and soil improvement. Th ese benefi ts are based on the perceived ability of (i) vegetative buff er strips (VBS) to reduce surface transport of agrochemical pollutants, (ii) large volumes of aboveground and belowground biomass of trees to store high amounts of C deeper in the soil profi le, and (iii) trees to enhance soil productivity through biological nitrogen fi xation, effi cient nutrient cycling, and deep capture of nutrients. Th e papers included have, in general, substantiated these premises and provided new insights. For example, the riparian VBS are reported to increase the reservoir life, in addition to reducing transport of agrochemicals; the variations in C storage in diff erent soil-fraction sizes suggest that microaggregate (250-53 μm) dynamics in the soil could be a good indicator of its C-storage potential; and the use of vector analysis technique is recommended in AFS to avoid consequences of inaccurate and overuse of fertilizers. Th e papers also identifi ed signifi cant knowledge gaps in these areas. A common theme across all three environmental quality issues covered is that more and varied research datasets across a broad spectrum of conditions need to be generated and integrated with powerful statistical tools to ensure wide applicability of the results. Furthermore, appropriate management practices that are acceptable to the targeted land users and agroforestry practitioners need to be designed to exploit these environmental benefi ts. Th e relative newness of research in environmental quality of AFS will pose some additional challenges as well. Th ese include the lack of allometric equations for tree-biomass determination, absence of standardized norms on soil sampling depth, and limitations of fi xed-eff ect models arising from issues such as pseudo-replication and repeated measures that are common in studies on preexisting fi eld plots. Overall, this special collection is a timely eff ort in highlighting the promise of AFS in addressing some of the environmental quality issues, and the challenges in realizing that potential.
Agroforestry Systems and Environmental Quality: Introduction P. K. Ramachandran Nair* A groforestry is perhaps as old as agriculture itself. Th e practice of growing trees and crops on the same unit of land has been prevalent for many centuries in diff erent parts of the world, especially under subsistence farming conditions. Only during the past three decades, however, have these traditional integrated practices been brought under the realm of modern, scientifi c land-use scenarios. Modern agroforestry started primarily in the tropics, where the inherent advantages of age-old integrated farming systems began to be appreciated when the escalating land-management problems such as tropical deforestation, soil degradation, and biodiversity decline became serious concerns. Agroforestry began to be recognized and incorporated into national research and development agendas in many developing countries during the 1980s and 1990s. In the temperate, industrialized regions, too, the use of trees on agricultural landscapes for a variety of objectives has been an old practice; however, "modern" agroforestry in these regions had perhaps a slower evolution than in the tropics. It started with the general public's understanding about the environmental consequences of high-input land-use systems such as invasion of exotic species and alterations to nutrient, energy, and water fl ows leading to soil erosion, water-quality deterioration, and environmental pollution. Agroforestry gradually gained acceptance as an appropriate approach to addressing some of these environmental problems, and agroforestry initiatives started in North America, China, Australia and New Zealand, and southern Europe.
Th e concept of agroforestry is based on the expected role of on-farm and off -farm tree production in supporting sustainable land-use and natural-resource management. While the aboveground and belowground diversity provides more stability and resilience for the system at the site level, the system provides connectivity with forests and other landscape features at the landscape and watershed levels (Nair et al., 2008; Garrett, 2009) . Th ese ecological foundations of agroforestry systems manifest themselves in providing environmental services such as soil conservation, carbon storage, biodiversity conservation, and enhancement of water quality.
In general, in the tropics where small family farms, subsistence food crops, and declining soil productivity are common features, the emphasis on the role of trees in improving soil quality of agricultural lands and providing food and nutritional security are characteristic of the numerous and diverse agroforestry systems. On the other hand, environmental protection is the cornerstone of agroforestry motivations and applications in the industrialized nations; it needs to be noted however, that although there is a tendency to equate "temperate" with "industrialized" regions, some temperate countries (or temperate regions of countries) such as China, Russia, Chile, and Argentina may be less motivated by environmental concerns than Canada, the United States, Europe, and New Zealand and Australia. Because of these diff erences in the role of agroforestry in the tropics and temperate (industrialized) regions, the expectations of environmental benefi ts of agroforestry systems (AFS) have had slightly diff erent connotations in the two contexts. In the tropics, soil-related issues such as soil fertility improvement, soil and water conservation, and reclamation of saline-, acid-, and other degraded soils were the major areas of agroforestry research and application during the 1980s and 1990s. Although these are environmental quality issues, they were pursued mainly as a means of augmenting the soil's capacity to produce crops sustainably. In the temperate regions, on the other hand, agroforestry was seen more as an environmental protection opportunity through exploiting the benefi cial role of trees for water-quality enhancement in agricultural watersheds, reduced wind and water erosion, and so on. In both situations, however, the focus was at the local or regional scale. During the past decade, with increasing realization of the global impact of human activities on the environment, environmental issues of a global scale such as carbon sequestration/ climate change and biodiversity conservation have become increasingly important. Today, the environmental-quality and ecosystem-service functions that are commonly associated with agroforestry are C sequestration/climate change, biodiversity conservation, water-quality enhancement, and soil improvement (Montagnini, 2005; Jose, 2009) , and these benefi ts transcend from local to global levels according to the "act locally, think globally" dictum. Th e subject matter of this special collection of papers is, therefore, timely and appropriate.
Th is special collection originates primarily from the papers (oral and poster) presented at diff erent technical sessions at the second World Congress of Agroforestry, Nairobi, Kenya, in August 2009 (http://worldagroforestry.org/wca2009). It includes nine papers that were accepted for publication following the journal's peer-review procedure. Th e objective of this introductory paper is to present a broad overview of the current state of knowledge in the subject, synthesize the contribution of the nine papers to the knowledge base, identify prominent research gaps, and suggest recommendations on further research to fi ll those gaps.
A General Overview
Given the above scope of this paper, a detailed review of "Agroforestry Systems and Environmental Quality" is not warranted here. Moreover, state-of-the-art publications on some of the environmental quality issues of AFS have recently been brought out (Garrett, 2009; Kort et al., 2009; Nair et al., 2010; Montagnini et al., 2011) , or are under way, specifi cally on C sequestration (Kumar and Nair, 2011) and biodiversity conservation (Schroth and McNeely, 2011) . Th erefore, only the highlights of the current state of knowledge on these topics are presented here. In doing so, literature citations are kept to a minimum.
Water Quality
Studies on tropical AFS in nutrient-depleted soils have demonstrated the ability of deep-rooted trees to absorb nutrients that have leached below the rooting zone of agronomic crops and to recycle these nutrients via leaf litter and fi ne root turnover, thus improving the nutrient-use effi ciency in the system as a whole (Buresh et al., 2004) . Similar results have also been reported from studies on temperate agroforestry systems. Th is so-called safety-net eff ect of tree roots could have an important application in the heavily fertilized sandy soils that have low nutrient retention capacities (Nair and Graetz, 2004) . Th e capacity of tree roots to capture nutrients from the deeper soil horizons can enhance nutrient storage in the plant-soil system and thereby reduce the amount of nutrients that might otherwise be transported to ground and surface water through runoff and leaching, thus causing nonpoint-source pollution of these water bodies (Michel et al., 2007) . Schultz et al. (2009) described the water-quality enhancement benefi ts of riparian buff er systems (which is one of the fi ve principal agroforestry practices in North America, the others being alley cropping, forest farming, silvopasture, and windbreaks; Garrett, 2009) . Reviewing the results from around the world, they concluded that in the right location, riparian forest buff ers can remove signifi cant amounts of sediment, nutrients, and pesticides from both surface and subsurface waters.
Carbon Sequestration and Climate Change Mitigation
Agroforestry systems are believed to have a higher potential to sequester C because of their perceived ability for greater capture and utilization of growth resources (light, nutrients, and water) than in single-species crop or pasture systems. Th e estimates of C stored in AFS range from 0.29 to 15.21 Mg ha −1 yr −1 aboveground and 30 to 300 Mg C ha −1 up to 1 m depth in the soil. Recent studies under various AFS in diverse ecological conditions (Nair et al., 2010) showed that tree-based agricultural systems, compared to treeless systems, stored more C in deeper soil layers near the tree than away from the tree, and higher soil organic C content was associated with higher species richness and tree density. Furthermore, C3 plants (trees) contributed to more C in the silt + clay (<53 μm diameter) fractions that constitute more stable C than C4 plants, in deeper soil profi les. Th e amount of C sequestered in AFS depended to a great extent on environmental conditions and system management.
Soil Improvement
One of the tree-mediated benefi ts of considerable advantage in the tropics is that trees and other vegetation improve the productivity of the soil beneath them. Research results during the past two decades show that three main tree-mediated processes determine the extent and rate of soil improvement in agroforestry systems. Th ese are (i) increased nitrogen input by N 2 -fi xing trees, (ii) enhanced availability of nutrients resulting from production and decomposition of tree biomass, and (iii) greater uptake and utilization of nutrients from deeper layers of soils by deep-rooted trees. Furthermore, the presence of deep-rooted trees in the system can contribute to improved soil physical conditions and higher soil microbiological activities under agroforestry (Nair et al., 2008) . Farmlands in many parts of the developing world generally suff er from the continuous depletion of nutrients as farmers harvest without fertilizing adequately or fallowing the land. One promising way for overcoming the acute problem of low nutrient status of soils, such as African soils in general, is to enable smallholders to use fertilizer tree systems that increase on-farm food production. Th e other major avenue of soil improvement with agroforestry is through soil conservation. About 1.9 billion ha of land, a third of total farmland, in developing nations are estimated to be degraded through erosion, salinity, and fertility depletion (UNEP, 2004) . Th e potential of agroforestry to reduce the hazards of erosion and desertifi cation as well as to rehabilitate such degraded land and to conserve soil and water has been well recognized. Th e soil ameliorative potential of agroforestry systems has recently been demonstrated in the temperate zone as well.
Biodiversity Conservation
When landscapes are increasingly being fragmented and remaining patches of natural vegetation are reduced to isolated habitat islands consequent to human activities, mixed-species AFS could play a signifi cant role in helping to maintain a higher level of biodiversity and provide greater landscape connectivity (Montagnini et al., 2011) . Th is can occur in at least three ways: (i) intensifi cation of AFS leading to reduced exploitation of protected areas, (ii) increasing biodiversity in working landscapes through the expansion of AFS into traditional farmlands, and (iii) increasing the species diversity of trees in farming systems. Where croplands occupy most of the landscape, riparian forest buff ers and fi eld shelterbelts can be essential for maintaining plant and animal biodiversity, especially under a changing climate scenario. Schroth and McNeely (2011) argue that trade-off s between ecosystem conservation and agricultural production can convincingly be addressed by shifting the view from the plot to the landscape scale and integrating biodiversity-friendly land-use systems such as agroforestry into development strategies.
Contribution of the Special Collection Papers to Knowledge Base
Th e nine papers included here deal with three of the four major environmental quality attributes of AFS discussed above, biodiversity conservation being the issue not considered. Th ree of the nine papers deal with water-quality-improvement benefi ts of riparian vegetative buff ers strips (VBS), three with C sequestration, and two with soil nutrient imbalances and amelioration. One paper deals with the eff ect of the shelter forest on environmental protection. Th e term shelter forest refers to large-scale planting of woody plants (trees and shrubs) to form a long protective shield against desertifi cation and soil and water losses in northern China covering more than 40% of China's land area, and the proposed Great Green Wall initiative in Africa (OSS, 2008) . Out of the nine papers, fi ve report original research results, three emphasize modeling using fi eldmeasured data, and one reevaluates the datasets from two previously published papers. Th e research sites and AFS covered, including the two previously reported datasets, were located in diff erent countries and ecosystems: Missouri, Nebraska, and Oklahoma, USA; Mediterranean and northwestern regions of Spain; the Cerrado (semiarid) region of Brazil; northeastern China; western region of Ghana; and Dodoma region of Tanzania. Th e major AFS covered included riparian buff er, silvopasture, and windbreaks in temperate regions and shaded perennials and silvopasture in tropical regions.
Water Quality
Th e overarching theme of the three papers included here that focus on water-quality issues is that multiple-species riparian VBS are an eff ective approach for reducing or mitigating surface-runoff transport of agrochemicals derived from agronomic operations. In a replicated experiment with three VBS designs and rainfall simulation, Lin et al. (2011) found that the VBS reduced the transport of both dissolved and sediment-bound herbicides and veterinary antibiotics in surface runoff by 58 to 72%, VBS of tall fescue (Festuca arundinacea Schreb.) being the most eff ective, in the claypan region near Columbia, MO, in the midwestern United States. Th e authors postulate enhanced infi ltration of runoff and sediment trapping as the possible mechanisms for the observed runoff reduction although data to support it are not presented. Th e paper by Udawatta et al. (2011) is a summary of studies on the eff ect of agroforestry buff ers on reduction of nonpoint-source pollution (NPSP) in watersheds under grazing and row-crop management, also at the Columbia, MO, experimental farm. Based on the analysis of runoff water samples for sediment, total nitrogen, and total phosphorus during the period from 2004 to 2008, they found that grass and agroforestry buff ers reduced sediment, total N, and total P losses by 32, 42, and 46%, respectively, compared with control treatments, and they recommend the design of agroforestry and grass buff ers to improve water quality and reduce the amount of land that is forced out of production due to NPSP. Moriasi et al. (2011) examine whether cost-eff ective methods could be developed to collect data for parameterization and evaluation of stream channel to be used in developing well-calibrated models for quantifying environmental benefi ts of conservation practices when data that are essential for such modeling are sparse and diffi cult to gather. Using simple stream channel observation obtained by rapid geomorphic assessment and simulating the impact of riparian forest buff er and grass fi lter strip buff er on sediment yield in a watershed in southwestern Oklahoma, USA, the authors conclude that riparian practices have the potential to increase reservoir life and that simple methods such as rapid geomorphic assessment could be used to obtain data to improve water-quality simulations in ungauged watersheds.
Environmental impact assessment of shelter forests in Horquin Sandy Land in northeastern China is the topic of the paper by Yan et al. (2011) . Although water quality per se is not the emphasis of their paper, it is considered along with the papers on VBS in view of the similarities in the vegetative structure of the VBS and shelter forest. Using Gray Relational Analysis, the authors evaluated the impacts of shelter forests on variations in landscape features and climatic and social factors in the sandy land areas during the period from 1978 to 2007 and conclude that the establishment of shelter forests played a signifi cant role in controlling the expansion of sandy land in the study region. Th ey recommend the use of Gray Relational Analysis for assessing the impacts of such land cover types on environmental changes.
Carbon Sequestration and Climate Change Mitigation
Two of the three papers that consider C sequestration and climate change mitigation deal with the importance of soil particle size and land management practices on C storage in soils. Being from the same laboratory and group of researchers at the University of Florida, both papers follow similar procedures, but under diff erent conditions, one in northern Spain (Howlett et al., 2011) and the other in the Brazilian Cerrado (Tonucci et al., 2011) . Th e land-use systems at both locations are classifi ed as silvopasture. However, the similarity is only in the concept of using trees for supporting animal production; the tree species and management systems used were quite diff erent at the two sites. Th e procedures at both locations involved soil sampling at diff erent depth intervals to 100-cm depth; soil fractionation into three fraction size classes representing macroaggregate (2000-250 μm), microaggregate (250-53 μm), and silt + clay (<53 μm)-size classes. In both locations, macroaggregate was the predominant size-fraction under tree-based land-use systems. Carbon storage was higher in the larger fraction sizes at lower soil depth under the silvopasture treatment compared with treeless pastures in the same location in northern Spain. Considering the possibility for formation and retention of microaggregates within macroaggregates in low-managementintensive systems such as silvopasture, the authors suggest that microaggregate dynamics in the soil could be a good indicator of its C-storage potential. In the other paper dealing with C stock, Hou et al. (2011) developed a spatial Markov random fi eld model for predicting aboveground volume of green ash (Faxinus pennsylvanica Marsh.) in a windbreak in the Great Plains region of the United States. Th e authors suggest that despite several limitations of the model, it has the potential for large-scale regional planning eff orts and C-stock assessments for many deciduous tree species used in windbreaks and riparian buff er systems.
Soil Fertility Improvement
Of the two papers in this special section that address soil fertility improvement, one deals with the effi ciency of trees and pastures in controlling nitrate leaching in sandy irrigated Mediterranean grassland soils of central Spain (López-Díaz et al., 2011) . In a greenhouse experiment that simulated the wet and warm climatic characteristics of the study region, the authors tested four vegetation systems and fi ve fertilizer treatments including two doses of sewage sludge, as an organic fertilizer, for 2 yr. Th ey found that mixed planting of trees and pasture reduced nitrate leaching from the Mediterranean sandy soils, but sewage sludge application should be limited to moderate levels until the trees and pasture were fully established. Isaac and Kimaro (2011) present the use of vector diagnosis, a bivariate model, to depict changes in yield and nutritional response simultaneously on the same graph, to facilitate identifi cation of nutrient status such as defi ciency, suffi ciency, luxury uptake, and toxicity. Th e authors used previously reported data from a cacao (Th eobroma cacao L.) agroforestry experiment in Ghana, and pigeon pea [Cajanus cajan (L.) Millsp.] + maize (Zea mays L.) intercropping experiment in Tanzania, and used vector analysis for diagnosing nutrient and nonnutrient interactions; they recommend the use of such vector analysis in agroforestry systems to avoid environmental consequences of inaccurate and excessive use of fertilizers.
Knowledge Gaps and Directions for Future Research
Before identifying the knowledge gaps emanating from the papers assembled here and suggesting ways to address them, it is important to consider these papers in the overall context of agroforestry research and the scope of this special collection. In general, it seems that science has not kept up with traditional land-use systems, such as agroforestry, that have stood the test of time (Nair, 2001) . Th e science of agroforestry is in a nascent stage. It was only during the past two to three decades that the old practice of agroforestry started receiving scientifi c attention. Its transformation from "a practice in search of science" (Sanchez, 1995) to one based on sound scientifi c principles has been slow, so that it is only gradually getting recognition in the mainstream of scientifi c agriculture and natural resources. Th e research eff orts in agroforestry have so far been dominated by descriptive (survey and stock-taking type) and observational (what happens when something is done in a particular manner as opposed to why and how things happen the way they do) studies, with only a few process-oriented studies. Consequently, the results of most agroforestry research eff orts are locationspecifi c, with only limited possibility of extrapolating them to situations other than the place of investigation. Furthermore, the methods used in agroforestry research are taken directly from other related land-use disciplines such as agriculture, forestry, and range science; in some cases, this may pose methodological challenges, some of which are discussed below. Little wonder, then, that calls for strengthening research at every front are a common feature of most agroforestry publications.
Another issue relates to the unifying theme in the papers in this special collection. When a special collection originates from a technical session or symposium that is planned and organized with a defi ned set of objectives and outputs, the papers will be focused on a central theme, and the whole value of the special collection of papers could be more than the sum of values of individual papers. Agroforestry and environmental benefi ts are two keywords that apparently cut across all the papers in this special collection. However, the papers considered for this collection were drawn from the presentations at the second World Congress of Agroforestry, where some aspect of agroforestry was the underlying theme of all (more than 1200) presentations. Th e main session from which these papers were drawn was one of the multiple sessions that dealt with environmental benefi ts of agroforestry systems. For example, there were other sessions on topics such as biodiversity conservation and carbon sequestration in AFS, and special publications have been (or are being) produced from some of them (Kumar and Nair, 2011 : carbon sequestration; Montagnini et al. [2011] and Schroth and McNeely [2011] : biodiversity conservation). Th us, this collection of special papers may be seen in conjunction with other such recent publications on related topics to obtain a clearer and more comprehensive coverage of the state of knowledge on the topic of agroforestry systems and environmental quality. With this background, the major knowledge gaps identifi ed in the papers included in this special collection are summarized below under the three major categories of environmental benefi ts that are covered in the papers.
Water Quality
All three papers on the topic of water quality are based on the premise that riparian forest buff ers and VBS can reduce the movement of NPSP to surface waters because they enhance infi ltration and sediment trapping in soils. Schultz et al. (2009) explained the effi cacy of VBS in attaining these benefi ts depends on a number of factors, many of which have not been adequately studied. For example, the geomorphology of the landscapes is a critical factor: in some landscapes, the fl ow paths of groundwater might move soluble chemicals below the living fi lter of the buff er. Similarly, the buff er widths required to biologically reduce the chemical load of shallow groundwater that has access to the living fi lter has not been established. Other VBS design and management considerations include plant species admixture with optimum root systems to provide the desired benefi ts. Th e value of the buff ers in terms of wildlife habitat and additional cash income to the landowners also needs to be taken into account along with VBS-design considerations. Th e practice of intensive row-crop agriculture without consideration of its costly side eff ects such as NPSP and resultant water-quality deterioration is in itself the predisposing reason for introducing VBS and such other ameliorative approaches. However, the acceptance of these new approaches, especially those involving woody species along with crop and grass varieties, could be a radical proposition to traditional rowcrop farmers. Winning them over and changing their mindset will require not only sound biological research but persuasive social and extension skills as well.
Carbon Sequestration
Among the four major environmental benefi ts of AFS described earlier, carbon sequestration has received the most attention in recent years, thanks to the prominence of climate change discussions in international scientifi c and policy arenas. Th e state of the art of C sequestration potential of AFS was recently brought out in a comprehensive review (Nair et al., 2010 ) and a book currently in production (Kumar and Nair, 2011) . Th e perceived advantages of the large volume of aboveground biomass in capturing carbon dioxide from the atmosphere and the role of deep root systems of trees in storing C in deeper soil layers, compared with common agricultural systems, are the main premises on which the C sequestration potential of AFS is based, and these premises have, by and large, been borne out by the research conducted so far. However, convincing scientifi c reasons for these have not yet been fully established. Most of the available reports on C sequestration in AFS are estimates of C stocks: how much C is, or potentially could be, accumulated and stored in aboveground and belowground compartments of AFS under diff erent conditions of ecology and management. Th e studies by Howlett et al. (2011) and Tonucci et al. (2011) included in this special collection are diff erent from such usual reports in that they investigated the infl uence of soil particle size and land management practices on C storage in diff erent soil layers to a depth of 1 m in the two systems studied in Spain and Brazil, respectively. Th ese studies are valuable also in terms of the several research questions they have opened up. Such individual studies using simple descriptive and parametric statistics (ANOVA within each location) and data interpretation for each site are valuable, but their value is limited and location-specifi c. Th e next step should be to integrate the data from diff erent locations with more sophisticated statistical tools such as multivariate analyses or meta-analyses to help assess the causes of soil C responses across the sites. Unfortunately, suffi cient datasets for such a comprehensive synthesis do not exist. Future research to address this conspicuous research gap is obvious: collect more and rigorous datasets and then integrate them with powerful statistical tools. Although stated in one sentence, this is, indeed, a major task. Furthermore, future soil C studies in AFS should focus on investigating the role of soil C fractions in determining the driving factors behind changes in soil C stocks; this information would then be helpful for forecasting future changes. Th e modeling study by Hou et al. (2011) for predicting aboveground biomass and C stock of green ash tree in a windbreak recommends more intensifi ed eff orts in data collection, climate measurements, and other relevant databases for improving the rigor and predictability of the model; this recommendation is relevant to all such modeling eff orts.
Soil Fertility Improvement
Soil productivity and sustainability issues that once dominated the agroforestry research agendas during the 1980s and 1990s seem to have fallen to lower ranks, if not disappeared, from the list of research items during the past few years. Th is is unfortunate because one of the major promises of agroforestry is its role in soil fertility enhancement especially in nutrient-depleted tropical soils and in soil conservation in both tropical and temperate regions (Schroth and Sinclair, 2004; van Noordwijk et al., 2004; Garrett, 2009) . Th e two papers included in this collection dealing with soil fertility, though valuable in their results, are inadequate to fully represent the importance of this topic. Issues such as exploiting biological nitrogen fi xation by trees and shrubs, enhancing the effi ciency of nutrient cycling, and benefi tting from the deep capture of nutrients by trees are fertile areas of application-oriented research of immense value. Equally valuable will be the design of management practices to exploit these soil-fertility improvement potentials of trees in agroforestry systems. Th e importance of this subject matter should not be ignored in agroforestry research agendas.
Some Methodological Challenges in Agroforestry Research
Methodological problems are common to most land-use systems, but they are of a higher order of magnitude in AFS compared with agricultural systems because of the integrated nature of AFS and the relative newness and slow growth rate of research on the subject. Th e methods and procedures used and estimations made in agroforestry research vary widely; therefore, the available datasets are mostly inconsistent and often incomparable and inconclusive. Some of the common problems include the following:
1. Allometric equations: Aboveground biomass in AFS and forestry systems is often estimated based on allometric equations. But rigorous allometric equations are not available for many tree species used in AFS, especially in the tropics. Th is leads to broad generalizations and inaccuracies. 2. Soil sampling depth: Most soil studies are limited to surface soils down to 20 or 30 cm depth. Sampling beyond the surface soil is important while studying tree-based systems such as agroforestry, not only because tree roots extend to deeper soil horizons but also because of the role of subsoil in long-term nutrient dynamics and C stabilization. 3. Pseudoreplication: As in ecological and forestry studies, it is common in agroforestry research to use preexisting fi eld plots of the same contiguous experimental unit without true replicates of treatments. Statistical comparisons between treatments of such studies may be invalid. While this is unquestionable in the statistical sense, the concept of replication needs to be taken into consideration in this discussion. In this special collection itself, we have situations where replicated samples from treatments extending over several hundred hectares of land are considered as pseudo-replicates (Tonucci et al., 2011) , whereas pots arranged in blocks in a greenhouse experiment are considered as replicates (López-Díaz et al., 2011) . Some argue that in studies on large plots, spatial interspersion of replications together with the use of a systematic design can be used to alleviate possible pseudo-replication problems (Stamps and Linit 1999; Peichl et al., 2006; Dube et al., 2011) . Forestry researchers have used composite samples drawn from large experimental units as replicates considering the land-use systems as fi xed-eff ect treatments (Lugo et al., 1990) . In the statistical sense, a fi xed-eff ect model means that inferences are restricted to the treatments in the study; the results cannot be used to make conclusions about other agroforestry systems. 4. Repeated measures: Th e fi xed-eff ects model also applies to the so-called repeated measures, which refer to measurements made in time or space on the same subject or experimental unit, such as a tree or a plot. For example, in agroforestry experiments, we may have to draw soil samples from depth increments from the same sites, or transects at defi ned horizontal distances from trees (Howlett et al., 2011) . When time and space are considered as treatments, they cannot be randomly assigned; the depth/distance increments are treated as repeated measures rather than as independent measurements (Moser et al., 1990; Stern et al., 2004) . Th e nonrandomized nature of repeated measures designs often results in the violation of the assumptions necessary for valid univariate analysis. However, statistical procedures are available to address the limitations imposed by the model. In the case of soil depths at the same site, they could be stratifi ed and each soil depth considered independently treating each site as a replication.
5. Chronosequence studies: Studies that are done to understand the change in soil C and nutrients are often based on the assumption that the changes in C and nutrient stocks are likely to be linear through time. Th is may not necessarily be true. In addition, in the case of C, it is diffi cult to know if the residence time of C that is sequestered initially in a system diff ers from that of later-sequestered C. Several such challenges need to be addressed for realistically assessing the impact of agroforestry practices.
Concluding Remarks
Th e value and importance of the perceived environmental benefi ts of agroforestry systems based originally on long experience and observations are now being supported and substantiated by rigorous scientifi c research. To fully exploit the potential benefi ts, more broad-based and rigorous investigations are needed. Th is special collection of papers will go a long way in creating the awareness about the importance of these issues and promoting much-needed research investments in this seriously under-researched area with seemingly high value and applicability.
